The recently solved three-dimensional structure of the thermophilic esterase 2 from
Introduction
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structure of EST2 complexed with a substrate analogue solved by multiple wavelength anomalous diffraction on a seleno-methionine derivative, at 2.6 Å resolution. The two structures revealed a common topological α/β-hydrolase fold, which is well known among lipases (14) (15) (16) . This fold is characterized by a central, mixed β-sheet, flanked by helical connections. Moreover, the catalytic center contains a triad of amino acids (S-H-D/E) reminiscent of serine proteinases, which is responsible for the nucleophilic attack on the carbonyl carbon of the scissile ester bond. However, the two structures differ from the canonical α/β-hydrolase fold because of the lack of the helix αD and the presence of a cap that covers and protects the active site (12, 13) ; therefore, the H group may well represent a new family in contrast with a classification previously proposed (17) . Actually, in the ESTHER classification (18) , the two structures define the HSL family which, to date, comprises more than 64 members.
Structural investigations on EST2 were undertaken to study its structure-function relationships in detail (13, 19, 20) . Furthermore, esterases are enzymes of considerable industrial potential. According to a classical definition, esterases are lipolytic enzymes that, unlike lipases, hydrolyze soluble fatty acid esters without any interfacial activation (21, 22) . The resistance to denaturation of thermophilic enzymes coupled with their ability to hydrolyse substrates that are insoluble at normal temperatures, makes thermostable lipases/esterases an attractive alternative to mesophilic enzymes (23). Although a few lipases have been so far reported from thermophilic sources (24-26), detailed characterizations have still not been performed.
The aim of this work was to obtain, through a combination of site-directed and saturation mutagenesis, variants of the thermophilic esterase with altered specificity, and in particular, better specificity against esters whose acyl chains were larger than eight carbon atoms. For the rational design of specific mutations, we took advantage of the availability of the EST2 structure complexed with a 4-(2-hydroxyethyl)-1-piperazineethansulphonic acid (HEPES) molecule, covalently bound to the active site S155. Although some variants 8 amplification reactions carried out with the Expand high-fidelity PCR system (Boehringer Mannheim), using two end primers and two complementary mutagenic primers for each site-specific mutation. The sequences of the oligonucleotides used were as follows (mismatch sites for site-directed mutagenesis are in bold): M211T (+), 5'-CCTGACCGGCGGCATGACGCTCTGGTTCCGGG-3'; M211T(-), 5'-CCCGGAACCA GAGCGTCATGCCGCCGGTCAGG-3'; R215L(+), 5'-GCTCTGGTTCCTGGATCAAT ACTTGAA-3'; R215L(-), 5'-TGTTCAAGTATTGATCCAGGAACCAGA-3'; the oligonucleotides used for the saturation mutagenesis were as follows: M211(+), 5'-CCTGACCGGCGGCATG(atgc)(atgc)(gc)CTCTGGTT-3'; M211(-), 5'-GGAACCA GAG(gc)(atgc)(atgc)CATGCCGCCGGTCA-3'. The two external oligonucleotides were:
Ser(+), 5'-TCGGCGGAGACGGCGCCGGAGGGAA-3'; Cter(-), 5'-TTGGATCCGCCT TTTGGTCAGG-3'. Each amplification reaction was performed with 30 cycles of 94°C for 1 min, 55°C for 1 min, and 72°C for 1 min. The final amplified products were cut appropriately with restriction enzymes, purified with an agarose gel-extraction kit (Quiaex II, M-Medical) and than ligated into pT77-SCII-AG or pT77-SCII-AGM215L, linearized with the same restriction enzymes. The cloned DNA fragments were entirely sequenced to confirm the presence of the mutation(s) and to rule out the possibility that replication errors were introduced during amplification.
The ligation mixtures were used to transform E. coli Top 10. In the case of site-directed mutants selected colonies were grown for plasmidic DNA preparation and mutations were confirmed by DNA sequencing. After IPTG-induced overexpression into E. coli BL21(DE3) cells, partially purified enzymes were assayed with esters of different acyl chain length (from 4 to 16). As regarding the saturation mutagenesis approach, a rapid screening on nitrocellulose filters was devised to select variants with interesting phenotypes. Briefly, the colonies obtained from plasmid transformation in E. coli Top 10 were replicated on two nitrocellulose filters and tested for esterase activity on β-naphthyl acetate or β-naphthyl laurate. The filters were subjected to three cycles of freezing and thawing to obtain cell disruption. Released proteins were fixed by 10 min incubation at 70°C and then filters were incubated in a solution (100 ml) of 100 mM Tris/HCl pH 7.5, containing 5 mg of β-naphthyl acetate or β-naphthyl laurate (dissolved in 0.5 ml methanol) and 25 mg of Fast Blue RR at room temperature. After 10-15 min incubation, rinsing with tap water stopped reactions. The activity toward β-naphthyl acetate was adopted initially as control of enzyme expression whereas activity toward β-naphthyl laurate was employed to identify mutants with altered specificity. Successively, screening with β-naphthyl acetate was used to select mutants with altered specificity toward esters with shorter acyl chains. The changed selectivity was further controlled by spectrophotometric standard assay at 70°C. DNA sequencing of extracted DNA allowed to identify the mutations. As a result, the mutants M211V, M211S and M211S/R215L were obtained.
E. coli BL21 (DE3) cells were transformed with the constructs and cultured at a large scale in 2 liters of Luria-Bertani (LB) medium supplemented with 100 µg ampicillin. Cells were induced with 1 mM isopropyl-thiogalactopyranoside (IPTG) for three hours at a cell density corresponding to 1 OD A600 nm. Thereafter, cells were harvested by centrifugation (13,200g , 4°C, 10 min), washed with 25 mM Tris/HCl buffer pH 8.5/ 2.5 mM MgCl 2 / 0.5 mM EDTA and stored at -20°C.
Stock solutions of pNP esters were prepared by dissolving substrates in pure propan-2-ol. prolonged incubations of EST2 with HEPES (up to twelve hours) had no effect on its catalytic activity (data not shown). As the enzyme is able to catalyze the reverse reaction of esterification in organic solvents (8), we could infer that the finding in the crystals of a covalent adduct with HEPES was likely to be due to the particular conditions of "low water activity" that the protein requires in order to crystallize. In these conditions, the reverse reaction was favored and therefore a stable HEPES/enzyme complex could be formed. In this way, the HEPES molecule should be regarded as a substrate analogue which was trapped as an acyl-enzyme intermediate on the synthetic catalytic route. Thus, what we are looking at is the first half of the reverse synthetic reaction, more than the second half of the hydrolytic reaction, even though it is predictable that the molecular recognition mechanisms of the acyl moiety are the same in both cases. and V257. Two water molecules, H20 and H57, are located inside the buried cavity and form a network of hydrogen bonds with the surrounding residues. In particular, R215
forms a hydrogen bond through the NH2 of its guanidinium group to water H20; moreover, a second hydrogen bond is formed through NE of its side chain with water H38 that, along with H51, forms a second pair of water molecules involved in a network of hydrogen bonds with surrounding residues. Among these residues, Y188 appears again. In contrast, M211 is not involved in hydrogen bonds but its side chain participates in closing the hydrophobic tunnel at the bottom. We reasoned that a reduction in the steric hindrance afforded by the side chains of M211 and R215 and eventually their substitution with residues that increase local hydrophobicity, could allow for a better binding of an ester with longer acyl chain.
A visual inspection of a structural alignment in the H group among EST2, the Brefeldin A esterase, the A. fulgidus esterase, the Moraxella TA144 lipase, the E. coli esterase, and the human hormone sensitive lipase (13) indicated that the two lipases of the H group held the charged residue glutamate and the small residue glycine, respectively in place of M211. Both the hydrophobic residue leucine and the shortest residue methionine were observed in place of R215 in the Moraxella TA144 lipase and human hormone sensitive lipase, respectively. We decided to mutagenise residues R215 and M211 to leucine and threonine respectively, as lipases are more specific for esters with longer acyl chains.
Site-directed mutagenesis, saturation mutagenesis and screening -The mutagenesis strategy adopted was to introduce first leucine at position 215 and threonine at position 211, by site-directed mutagenesis, and then to change the second site by saturation mutagenesis, if either of the two former substitutions was found to give the desired effect.
To this end, we prepared the expression vector pT7SCII-AG, as described under
Experimental procedures, which contains the est2 gene under the direct control of the IPTG inducible promoter of the φ10 gene (29). The availability of this clone yielded an easier way to handle the gene and to express the protein, which in the previously described expression system (8) was produced under the control of its own promoter.
The R215 and M211 residues were therefore changed to leucine and threonine, respectively, by means of the overlap extension method in PCR reactions (see Experimental procedures for details). After confirming the mutations by DNA sequencing, the variant plasmids, together with the wild type as control, were transformed into E. coli BL21(DE3) cells, which were cultured in a small scale (100 ml) in LB rich medium and induced with 0.1 mM IPTG for three hours at a cell density corresponding to 1OD A 600 nm. The harvested cells were disrupted with a French pressure cell and after ultracentrifugation the clear lysate was taken as the crude extract. A preliminary screen for desired phenotypes was performed by assaying the crude extracts partially purified by thermo-precipitation of the E. coli protein at 70°C for 15 min. An analysis on SDS-PAGE (not shown) suggested that the concentration of the two enzyme variants was comparable with that of the wild type. Equivalent amounts of partially purified extracts were assayed for esterase activity at 70°C, with pNP-esters as substrates, varying the acyl-chain length from 4 to 16 carbon atoms. After this preliminary analysis, the single mutant R215L was found to act better (about 2-fold increase in V max ) on esters with longer acyl chains (from 8 to 16 carbon atoms: data not shown), than both the wild type and single mutant M211T did. However, the mutant M211T displayed different characteristics from the wild type and was retained for further characterization (see below).
In order to further improve the phenotype obtained with R215L, we attempted a saturation mutagenesis approach. To this end, we took advantage of the availability of a filter assay for the rapid screening of mutants produced (see Experimental Procedures).
The saturation mutagenesis was applied at position 211 to both the wild type and the R215L mutant. Clones were selected based on the activity ratio on β-naphthyl acetate and β-naphthyl laurate in the filter assay at room temperature, picked up and treated as described above. Variants with higher activity on β-naphthyl acetate were obtained, all derived from the wild type and displaying phenotypes similar to that of M211T (mutants M211S and M211V). A double mutant M211S/R215L with a behavior slightly better than the single mutant was also obtained from R215L (data not shown). (Fig. 3 and Fig. 4 )
Purification of EST2 variants and wild type and structural characterization by CD -The
five variants and the wild type est2 gene were transformed into E. coli BL21 (DE3), cells were cultured at a large scale (2 l) in LB medium, and the proteins were over-expressed and purified to homogeneity according to a described procedure (8; data not shown). The protein purity was checked by SDS-PAGE and found to be more than 98% as shown in Fig. 3 . The protein yield and the chromatographic behavior for the variants was roughly comparable with that of the wild type and, because the proteins were subjected to a thermo-precipitation step of purification, it was inferred that the introduced mutations did not significantly alter the 3D structure of enzymes. In fact, it cannot be ruled out that the observed activity's increase was to be ascribed to destabilization in the structure (see discussion). To ascertain the latter point, we compared the far (Fig. 4 , panel A) and near (Fig.4, panel B) UV spectra of the wild type and the five variants by CD measurements.
Their thermal denaturation in the range 50-95 °C was monitored by the decrease in the CD signal at λ=222nm (Fig. 4 , panel C) and at λ=290nm (Fig. 4 , insert of panel B). The far UV spectra of variants were roughly superimposable to the wild type spectrum thus suggesting no significant changes in the secondary structures. The near UV spectra (Fig. 4 panel B) showed no differences in the range 280-320nm, although there were some differences in the 260-280nm region for mutant M211S (red spectrum), and for mutants R215L (green spectrum) and M211S/R215L (magenta spectrum). The thermal denaturation of wild type EST2 (Fig. 4, panel C Kinetic analysis of wild type EST2 and variants at 70°C -The kinetic constants of wild type and variants were measured against seven substrates and are reported in the Table. We preliminarily checked the pH dependence and the thermophilicity of all mutants and observed that these properties were unchanged (70°C and pH 7.1) compared with the wild type (assays with substrate pNP-hexanoate; data not shown).
Enzyme kinetic constants were measured by using pNP esters of different acyl chain length. As reported previously (8), wild type EST2 showed maximal activity with pNPhexanoate at 70°C and pH 7.1.
Concerning 16 . It is worth to note that the described activity enhancements are all referred to 70°C, the optimal temperature for the enzyme activity. (Fig.5) The analysis of the K m values indicated that wild type affinity for pNP-hexanoate was 20-fold higher than the previously reported value (8). Since this value referred to an assay mixture without solvents and detergents, we argued that the higher value found here was due to the presence of propan-2-ol in the assay mixture. The use of this solvent was essential to dissolve substrates and compare all enzymes in the same assay conditions. The observation that higher K m values were obtained essentially only for substrates with acyl chains of 4 and 6 carbon atoms suggested a competitive effect toward the acyl chain. To ascertain this point, the EST2 activity was analyzed at three different concentrations of propan-2-ol and increasing concentrations of substrate pNP-hexanoate (Fig. 5) . It turned out that the propan-2-ol behaves as a competitive inhibitor with an effect on K m but not V max , and the measured K I was found to be 0. wild type with pNP-octanoate, respectively). However, it is worth noting that the specificity constant of double mutant M211S/R215L on substrate pNP-dodecanoate displayed a 6-fold higher value than the wild type with the same substrate. (Fig. 6) EST2 reaction mechanism -To explain the above results, knowledge of the EST2 reaction mechanism was thought to be crucial. The general action mechanism of an esterase is shown in Fig 6. Shortly the enzyme (E) combines with ester substrate (S) to form the enzyme-substrate complex (ES), which is converted into the acyl-enzyme (EA) upon release of the alcohol. In the second part of reaction, the attack of a nucleophile (water or alcohol) and the release of the acyl moiety, as such or as new ester, follow. If the alcohol release is the rate-limiting step, then k cat corresponds to k 2 . Alternatively, if the release of the acid/ester is slow, therefore k cat =k 3 . As the mutations are located at the acyl-binding pocket, it is predictable that they could affect the binding and/or the acid/ester release; in this circumstance, k 3 should be altered. However, we cannot dismiss the possibility of a long-range effect resulting in an unusual binding of the pNP-ester and an altered release of the alcohol (e.g. k 3 might also be affected). It was therefore vital to ascertain the action mechanism of both wild type EST2 and the mutants. The measurement of all the constants involved in the multi-step reaction mechanism was outside the scope of the present paper, although it will be the subject of future work. However, one simple way to have a general idea about the reaction mechanism was to measure the pNP burst, which is supposed to occur when the enzyme is added to the reaction mixture before the onset of the catalytic reaction, provided the release of the acid/ester is slow compared to the release of the alcohol (32). Fig. 7 shows the results of this experiment for the wild type and M211T with pNP-butanoate, for the wild type and R215L with pNP-decanoate and for the wild type and the double mutant M211S/R215L with pNP-dodecanoate. The pNP burst for the wild type was dependent on the substrate used. In fact, the immediate release of pNP increased
proportionally to the concentration of the enzyme with pNP-butanoate, whereas with pNPdecanoate and pNP-dodecanoate, there was almost no change with the increase of enzyme concentration. This suggests that with short substrates, the rate-limiting step is the acid/ester release (k 2 >>k 3 ). Given that with M211T and pNP-butanoate we get the same result as that obtained with the wild type (same slope), we concluded that the mechanism was unchanged. Therefore, the higher turnover number of the mutant can be explained by an increase in the rate of the acid/ester release (k 3 =k cat ), but this value should remain very low with respect to the constant leading to the alcohol release (k 2 ). The opposite scenario was observed with substrate pNP-dodecanoate. The absence of a pNP burst with the wild type and double mutant M211S/R215L indicated that the reaction mechanism, in this case, was limited by the alcohol release. It is possible to imagine that the longer acyl chain in some way constrains the pNP moiety of the ester in a different binding mode that in turn results in a severe reduction in alcohol release. Again in the mutant, the turnover number increase should be ascribed to an increase in k 2 =k cat and as in the case of the short substrate, we should think about a high difference in the values of the constants (k 3 >>k 2 ).
( Fig. 7) The wild type behaves in the same way with substrate pNP-decanoate. The mechanism is still governed by the alcohol release, therefore k 2 =k cat <<k 3 . Surprisingly, the result was different with the mutant R215L. It seems that, in this case, a switch occurs from the alcohol-controlled to the acid/ester-controlled reaction mechanism. In other words, the rate of alcohol release increases so that the mechanism becomes controlled by the acid/ester release. We measured an pNP burst but the curve progression was not as steep as in the case of wild type and M211T with pNP-butanoate, thus suggesting a lower difference between k 2 * and k 3 *, with k 3 *=k cat < k 2 * (asterisks refer to the changed mechanism).
Obviously in the latter case, the situation should be k 3 *>k 2 to account for the higher activity of the mutant.
Discussion
The accumulation of crystallographic data on thermostable and hyperthermostable enzymes (33, 34), together with statistic analyses (35-37) permitted by the rapid advancement of genome sequencing projects, has substantially improved our understanding of protein stability determinants. Academic curiosity is now tackling the issue of the relationship among stability/activity/flexibility of thermophilic proteins. The question is whether enzymes are finely tuned in terms of stability-lability so that this balance is crucial for function (38-40). In other words, is it possible to engineer thermal stability in mesophilic enzymes without loosing catalytic activity or increase the activityat times low-of thermophilic enzymes at low temperature, by preserving their thermal stability? The answer is not clear-cut. Directed evolution studies on psychrophilic and mesophilic enzymes (41) (42) (43) (44) (45) indicate that by accumulating several mutations it is possible to increase stability without sacrificing activity. The thermophilic thermolysin-like protease from Bacillus stearothermophilus was made more thermostable without any reduction in activity at 37°C (46) and the activity of indoleglycerol phosphate synthase from Sulfolobus solfataricus was improved at low temperature without loosing stability (47) . The same result was reported for the ribonuclease H from Thermus thermophilus (48) . However, in the β-glucosidase from Pyrococcus furiosus (49) , it seems that stability and flexibility are highly optimized; in fact, mutants with improved activity at low temperature proved to be less stable. The same was found in the Thermobifida fusca exocellulase (50). Similar results were reported for several thermostable enzymes, which showed enhanced activity at low temperature in the presence of structural perturbants such as solvents or detergents, but at high temperature, they showed no activation and, on the contrary, destabilization (51, 52).
There are very few reports of mutations which increase activity of a thermophilic enzyme at its optimal temperature. Data reported in this paper indicate that, at least in this system, there is still room to improve activity at the optimal temperature of the enzyme, and this is not correlated with overall enzyme destabilization or changes in the temperature or pH dependence of activity.
The most striking result of this mutational approach to the study of the EST2 active site is the changes in substrate specificity afforded by single point mutations, as well as the increase in the turnover number with respect to the parental enzyme with some substrates and at high temperature.
Starting from an enzyme with preference for pNP-hexanoate, three mutants-M211S, M211T and M211V-were obtained, all displaying their maximal activity on pNPbutanoate and probably, as demonstrated for M211T, similar k cat /K m for this substrate compared to the wild type. In addition, enzyme variants R215L, M211S and the combination of the two, in the double mutant M211S/R215L, showed increased activity and specificity constants on longer acyl chains compared with the wild type. The insertion of serine at position 211 was selected twice, as single and double mutation, from the screening procedure adopted, thus indicating a prominent role of the residue at this position for the specificity we screened for. The general increase in all variants of the turnover number compared with the parental enzyme was somewhat unexpected given that all assays were carried out at 70°C, which is the optimal temperature for wild type activity, and a k cat value of 3420 (6600 sec-1 in "water only"; 8) is already a remarkable activity. For example, the acetylcholinesterase, which is a remote homolog of EST2 (9), with its k cat value of 16,000 sec-1 , is considered one of the most active existing enzymes (53) .
Having found variants with higher catalytic activity at high temperature, of which some had a change of substrate specificities, we were then faced with the problem of giving an interpretation to the above results. The sites for performing site-directed and saturation mutagenesis were chosen based on a careful analysis of the EST2 active site (Fig. 1, panel   A) . Both the side chains of arginine 215 and methionine 211 were found to close the tunnel occupied by the HEPES molecule bound to the active-site serine. As these residues are part of a α-helix (α7) and not of a loop, the k cat increase cannot be interpreted as a change in loop flexibility due to the introduced mutations, as suggested for other enzymes in other works. For example, a change in the flexibility of a loop near the active site was demonstrated to be the motif of the activation at low temperature of an indoleglycerolphosphate synthase mutant from Sulfolobus solfataricus (47) . In addition, the changing in a flexible loop was hypothesized to enhance the exonuclease activity in a DNA polymerase mutant from Thermococcus aggregans (54) .
The choice of positions for mutations insertion into EST2 was made based on the abovecited considerations on sequence comparison with lipases as well as the observed interactions of R215 and M211 with the HEPES inhibitor. It is therefore predictable that the observed effects occurred due to an interference with the binding mechanism and/or the release of the acyl/ester moiety to/from the active site. R215 was mutagenised in the hydrophobic and smaller residue leucine. The mutation of arginine into leucine could have an effect on the bond water because the side chain of arginine is connected through one hydrogen bond to water H20, which in turn is bond to water H57 (both placed inside cavity B), and by two hydrogen bonds with a second couple of water molecules (H38 and H51)
nearby. This interpretation also stems from the analysis of the near UV CD data. The double mutant M211S/R215L and the M211S mutant spectra deviate from wild type spectrum, especially in the 260-280nm region. A minor effect was observed for R215L.
Excluding the contribution of disulfide bonds that are absent in EST2, in the above-cited region the bands of phenylalanines, tyrosines and tryptophans overlap. If conformational effects are related only to the active site as suggested by structural and kinetic data, it should be observed that W84, Y188 and F214 participate in forming cavity B (Fig. Panel   A) . In particular, with its OH group and backbone O, Y188 forms two hydrogen bonds with H38 and H51, respectively. In addition, W84 is located very near to R215, whereas M211 is next to F214. It is conceivable that mutations affecting the binding of water molecules could switch the lateral chains of these residues, and Y188 in particular, to less symmetrical environments (e.g. more rigid), thus resulting in the observed enhancement of the CD signal in the near UV.
The arrangement of buried cavities constellated with polar and charged residues bound to ordered water molecules found in EST2 is reminiscent of similar findings in a group of fungal lipases (55) . Two hypotheses were made to explain the role of these unusual buried polar clusters. Some Authors (56) suggested they were involved in the catalytic activity to supply a pool of water molecules for the nucleophilic attack in the second stage of the hydrolytic reaction. Others speculated that these structural anomalies were related to the interfacial activation mechanism and in particular to the stabilization of the enzyme in the lipid-bound form (55) . Given that EST2 acts primarily on substrates in solution and does not show any interfacial activation, the former hypothesis is likely to be the least appropriate to explain the presence of some buried cavities nearby the active site. The A cavity could better fulfill this role as it is located more closely to the tetrahedral intermediate. However, the mutation does not negatively affect the catalytic activity, as shown here. Since the arginine is not conserved in the H group but is substituted by smaller residues, it is also unlikely that these water molecules are involved in the hydrolysis of the acyl-enzyme complex. Finally, an in silico approach for the evaluationby energy minimization in the absence of water-of the effect of the arginine substitution in leucine indicates (data not shown) a dramatic reduction in this cavity. Considering all of this, we hypothesize that this cavity has a role in the EST2 substrate specificity. In R215L mutant. The better binding at the acyl site can result, as hypothesized above, in a less constrained binding of the alcohol moiety at the alcohol-binding site, thus allowing a higher k cat with respect to the wild type. In order to explain the higher activity of variants mutated at position 211 toward substrates with shorter acyl chains, the above-cited suggestion of a mechanism controlled by the acid/ester release, provided a plausible explanation. In actual fact, if the methionine has a steric hindrance versus the acid/ester release, then substitution with residues with shorter side-chains could allow for a better release of the acid/ester and consequently for higher k cat values. The K m values again are lower than in the wild type starting from pNP-decanoate. In the double mutant, the latter effect is synergic with the reduced steric hindrance and the major local hydrophobicity allowed by the substitution of a charged residue with a hydrophobic one, providing an explanation for the higher specificity found with longer acyl chains starting from decanoate.
The results reported in this study provide experimental support to the idea that the activity of some enzymes must to be reduced at high temperature, in order to cope with the metabolism of the microorganisms (57) and that the modern approach of evolution in the "test tube" could allow for the production of such variants, which Nature has selected against. This is also the first report on a mutational analysis of the active site of a thermophilic esterase and a member of the HSL family, which could represent a comparative basis for the study of the medically important human homologous HSL (58).
By single mutations at the active site, we were able to simultaneously change specificity and improve activity of a thermophilic esterase without changing its thermophily and thermostability. The results obtained are intriguing from both an academic and biotechnological point of view. (p). Data were corrected for the pNP release due to the onset of the catalytic activity during the 4 sec required to mix the enzyme with substrates and to read absorption. 
